To elucidate the physiological importance of endothelin-1 (ET-1) in mouse uterus, we investigated quantitative changes in ET-1 mRNA levels in the uterus during the estrous cycle, pregnancy and post-parturient period by use of the real-time PCR technique and we examined the cellular distribution of the ET-1 peptide by use of immunohistochemical techniques. Low and constant mRNA levels were observed in the uterus from cyclic or pregnant mice. However, a significant increase in mRNA levels was found immediately after parturition (day 0 postpartum) which then decreased gradually to a basal level at day 14 postpartum. Discernible immunopositivity was found in myometrial cells as well as in endometrial epithelial cells in the post-parturient uterus. Myometrial cells showed the strongest staining at day 0 postpartum, and some large cells in the myometrial layers, intensely positive for ET-1, were characterized as mast cells. These findings suggest the possibility that in mouse uterus ET-1 may play a role in recovery from the uterine changes caused by pregnancy and parturition.
INTRODUCTION
Endothelin-1 (ET-1) is a potent vasoconstrictor peptide originally isolated from the culture supernatant of endothelial cells (Yanagisawa et al. 1988) . Three isotypes of endothelin, known as ET-1, ET-2/vasoactive intestinal contractor (VIC), and ET-3, encoded by separate genes, have been found in mammals (Inoue et al. 1989 , Bloch et al. 1991 . These isopeptides have a variety of biological activities including vasoconstriction (Yanagisawa et al. 1988) , smooth muscle contraction , Mckay et al. 1991 , and cell growth (Lahav et al. 1996 , Mazzocchi et al. 1997 . Biological effects are mediated by two cell-surface receptor subtypes, the endothelin A (ETA) and endothelin B (ETB) receptors. Many reports on both endothelins and their receptors in the uterus have been published (see review by Rubanyi & Polokoff 1994) . Detailed investigation of the gene expression level and the cellular distribution of the ET-1 mRNA and peptide has been performed in various mammalian species including human (Economos et al. 1992 , O'Reilly et al. 1992 , Cameron et al. 1993 , sheep (Riley et al. 1994 (Riley et al. , 1995 , rabbit (Maggi et al. 1991 , Peri et al. 1992 , and mouse (Uchide et al. 1999) . However, no one has yet confirmed a significant physiological role for uterine ET-1. The uterus, a physiologically active tissue, is composed of many types of cells and undergoes functional and morphological cellular changes in response to various reproductive events including estrous cycle, menstrual cycle, pregnancy, and the post-parturient period. Additionally, important physiological and anatomical distinctions (e.g. differences in placental structure and function during pregnancy and in endometrial structure and function during estrous or menstrual cycles) exist among different species. This complexity, unique to the uterus, has made it difficult to ascertain the physiological role of uterine ET-1.
Recently, we demonstrated a relatively high level of expression of ET-1 and VIC mRNA in mouse uterus by semi-quantitative reverse transcriptionpolymerase chain reaction (RT-PCR) (Uchide et al. 1999) . In addition, we performed a comprehensive analysis on gene expression and cellular distribution of VIC during the estrous cycle, pregnancy, and the post-parturient period, and our results suggested an important role for VIC in the function of myometrial cells. However, detailed information on ET-1 throughout the various physiological stages has not yet been obtained in mouse uterus.
To understand the physiological roles of ET-1 in the uterus, it is necessary to compare many pieces of information on ET-1 from various species, while considering physiological and anatomical differences. In this paper, we extend the comprehensive analysis of gene expression and cellular distribution carried out on VIC to ET-1 in mouse uterus. We discuss the physiological role of ET-1 in mouse uterus.
MATERIALS AND METHODS

Mice
Adult (10-week-old) male and female Slc:ICR mice were obtained from Japan Clea (Tokyo, Japan). Mice were mated, and the day of the vaginal plug and the day of parturition were designated day 0 of pregnancy and day 0 postpartum respectively. Pregnant mice at days 7, 8, 9, 10, 12, 15, and 17 of pregnancy (P-7, 8, 9, 10, 12, 15, and 17) , non-pregnant mice at different stages of the estrous cycle (proestrus, estrus, and diestrus), and parturient mice at days 0, 1, 3, 7, and 14 postpartum (D-0, 1, 3, 7, and 14) were used for the experiment. Each group contained three mice (n=3). Our experimental procedures on animal subjects were in accordance with the Guidelines on Handling of Laboratory Animals for our institution.
RNA preparation
The uteri excised from these mice were homogenized, and total RNAs were then prepared from the homogenate using a commercial phenol and guanidine-thiocyanate solution (Isogen solution; Nippon Gene, Tokyo, Japan) according to the manufacturer's protocol. Briefly, the excised tissue (100 mg) was homogenized in 1 ml Isogen solution, and 0·2 ml chloroform was added. After centrifugation at 12 000 g for 15 min, the aqueous phase (upper layer) was collected into another tube. To avoid contamination of genomic DNA into the sample, the purification step was repeated once more after mixing the aqueous phase with Isogen solution. Then 0·5 ml isopropanol was added, and total RNA precipitate was obtained by centrifugation at 12 000 g for 15 min.
Gene expression analysis
We performed gene expression analysis using a real-time PCR technique as described in a previous report (Uchide et al. 2000a) . After reverse transcriptase reaction of total RNAs, cDNAs obtained were used as templates for the real-time PCR. Oligonucleotide primers and detection probes (which were labeled with a reporter dye (FAM: 6-carboxy-fluorescein) at the 5 end and a quencher dye (TAMRA: 6-carboxy-tetramethyl-rhodamine) at the 3 end) for mouse ET-1 and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were designed (Table 1) . Amplification was carried out using the TaqMan PCR kit (PE Applied Biosystems, Foster City, CA, USA). Template was mixed with 1 buffer, 3·5 mM MgCl 2 , 200 µM dATP, dCTP, dGTP, and 400 µM dUTP, 0·025 U/µl AmpliTaq Gold polymerase, 100 nM TaqMan probe, and 200 nM of each primer. All reactions were performed in the Model 7700 Sequence Detector (PE Applied Biosystems). Reaction conditions were 95 C for 10 min followed by 50 cycles of the amplification step (95 C for 20 s and 62 C for 2 min). The specific amplification was confirmed by electrophoresis and sequence of PCR products. The absence of genomic DNA contamination in template was confirmed by a mock RT experiment. The gene expression levels of ET-1 are represented as gene expression rates normalized by those of GAPDH as previously reported (Uchide et al. 1999) . Briefly, ET-1 and GAPDH cDNA levels were estimated using standard curves obtained by amplification of standard cDNAs. Then the gene expression rates were calculated using the following formula: (ET-1 cDNA level/GAPDH cDNA level) 100
Histochemical analysis
Immunohistochemistry was performed using a rabbit immunoglobulin G (IgG) antibody against ET-1 peptide (polyclonal antibody for immunohistochemistry; Code No. 18201, IBL, Gunma, Japan). Crossreactivity studies showed that this antibody reacted at 100% with ET-1 but below 1% with other members of the ET family, as indicated by the manufacturer. Excised uteri were fixed with 4% (wt/vol) paraformaldehyde and embedded in paraffin by standard methods. Sectioned tissues at a thickness of 4 µm were deparaffinized and rehydrated with graded alcohol. After washing with PBS, the sections were treated with methanol containing 0·3% hydrogen peroxide for 30 min to inactivate endogenous peroxidase activity.  1. Gene expression rates of ET-1 during the estrous cycle. ET-1 and GAPDH mRNA levels in proestrus (P), estrus (E), and diestrus (D) were quantitatively analyzed by real-time PCR. Gene expression rates were calculated by normalizing the mRNA levels of ET-1 with those of GAPDH. Quantification was independently performed using three individual mice for each stage (n=3). A low and almost unchanged level of expression was observed.
 2. Gene expression rates of ET-1 during pregnancy and after parturition. The uteri at days 7, 8, 9, 10, 12, 15, and 17 of pregnancy (P-7, 8, 9, 10, 12, 15, and 17) and at days 0, 1, 3, 7, and 14 postpartum (D-0, 1, 3, 7, and 14) were used for quantification of ET-1 and GAPDH mRNA levels. Gene expression rates were calculated by normalizing mRNA levels of ET-1 with those of GAPDH. Quantification was independently performed using three individual mice for each stage (n=3). A remarkable increase in expression levels was observed after parturition. Immunostain was carried out using a commercial kit (Vectastain ABC Kit, Vector Lab., Burlingame, CA, USA). Briefly, the sections were washed with PBS and incubated in 10% normal goat serum in PBS for 30 min to block nonspecific immunoreactive sites. The sections were then reacted with 5 µg/ml anti-ET-1 rabbit antibody for 60 min at room temperature. After being washed with PBS, the sections were incubated with biotinylated goat anti-rabbit IgG for 30 min at room temperature, washed with PBS, and treated with streptavidinbiotin-peroxidase complex for 30 min at room temperature. The complex was visualized by diaminobenzidine (DAB). Mayer's hematoxylin was used as a counterstain for nuclei. To identify cell types expressing ET-1, double staining using Alcian Blue for the second staining was carried out. After the first immunohistochemical staining with anti-ET-1 antibody, the sections were immersed in 3% acetic acid for 1 min and were then stained with 1% Alcian Blue in 3% acetic acid for 30 min. After washing with distilled water for 3 min, counterstaining was carried out with Kernechtrot solution containing 5% aluminum sulfate and 0·1% Nuclear Fast Red (Wako, Osaka, Japan) for 5 min.
ET-1 in mouse uterus
Immunostaining with anti-serotonin rabbit antibody (Chemicon International, Temecula, CA, USA) was performed on serial sections to identify mast cells, which contain serotonin. For visualization of the specific signals, an aminoethylcarbazole (AEC) substrate-chromogen system (DAKO, Carpinteria, CA, USA) was used. Control studies including omission of the primary antibody, incubation with corresponding non-immune serum IgG, and pre-absorption testing using the antibody incubated with an excess of synthetic ET-1 peptide (20 nmol ET-1 to each 1 ml diluted antibody was pre-incubated at 4 C for 24 h) were performed to assess the specificity of our staining. 
RESULTS
Gene expression
We examined the gene expression level of ET-1 in mouse uterus by real-time PCR. Figure 1 shows ET-1 gene expression levels during the estrous cycle. The gene expression rates at proestrus, estrus, and diestrus were low (below one) and almost constant. We also examined ET-1 mRNA levels in the uterus from pregnant and post-parturient mice (Fig. 2) . The gene expression rates during pregnancy were below one and remained almost unchanged. A remarkable increase in expression level was observed after parturition. Immediately after parturition (day 0 postpartum) gene expression reached a maximum (an approximately sixfold increase compared with pregnant levels) and then decreased gradually to basal levels by day 14 postpartum. The levels at day 0 postpartum and at days 1, 3, and 7 postpartum were appreciably higher than during pregnancy and at day 14 postpartum.
Histological study
To examine the cellular distribution of the ET-1 peptide, we carried out immunohistological studies using an antibody specific to ET-1 peptide. In both cyclic and pregnant mice, weak immunopositivity was observed only in endometrial epithelial cells. Conversely, in the post-paturient uterus discernible immunopositivity was found in endometrial epithelial cells (Fig. 3A) as well as in myometrial cells (Fig. 3B) . The strongest staining pattern was observed in myometrial cells in accordance with the maximal level of the gene expression rate, particularly at day 0 postpartum. Additionally, in the early postpartum period we found relatively large, roundor oval-shaped cells, which were intensely positive for ET-1, in the lamina propria, around vessels in the myometrium, and between myometrial cells (Fig. 3C and D) . Morphologically these cells were noticeably different from endometrial epithelial cells, stromal cells, and myometrial cells. Almost all the cells were observed in myometrial layers (Fig. 3C) . To characterize the cell type, we carried out a double stain with ET-1 antibody and Alcian Blue. Alcian Blue stains acidic mucopolysaccharide, which is abundant in mast cells and epithelial cells of the intestine, salivary gland, uterus and respiratory tract. The large ET-1-positive cells stained positively with Alcian Blue (Fig. 4) , suggesting that these are mast cells. We also found a small population of similarly shaped cells negative for ET-1 but positive for Alcian Blue. These cells could be mast cells which do not contain ET-1 peptide. For further characterization of these cells, immunostainining with ET-1 antibody or serotonin antibody was performed on serial sections, as shown in Fig. 5 . The large, round-or oval-shaped cells positive for ET-1 were positively stained by serotonin antibody, indicating that the cells are mast cells. There were also a small number of cells positive for ET-1 and negative for serotonin. In control studies, which included omission of the primary antibody, incubation with corresponding non-immuine serum IgG, and pre-absorption testing, the immunostaining was completely suppressed (Fig. 3E) .
DISCUSSION
In an attempt to understand the importance of ET-1 in mouse uterus, we comprehensively studied the gene expression pattern and cellular distribution of ET-1 during various reproductive periods. In the uterus from cyclic mice we detected a low and constant level of ET-1 expression by real-time PCR and observed faint immunostaining only in endometrial epithelial cells. It has been reported that there is no significant change in the level of immunoreactive ET-1 in sheep uterus, although a small increase was reported to occur at day 16 after estrus, which corresponds almost to the next estrous stage (Riley et al. 1994) . Contrary to what has been observed in mouse and sheep, a drastic increase in ET-1 mRNA and peptide levels occurs in the human uterus around menstruation (Ohbuchi et al. 1995 , Salamonsen et al. 1999 . One possible explanation for the differences in ET-1 expression patterns among these species is that menstruation is observed in the human but not in the mouse or sheep estrous cycle. Human menstruation is accompanied by dramatic endometrial changes including bleeding, deciduation of the zona functionalis, and regeneration. However, in mouse and sheep, the increase in endometrial thickness and the change in histological features are observed to a lesser extent around estrus, but without bleeding or deciduation of the endometrium. It has been suggested that, in humans, ET-1 is involved not only in controlling bleeding by means of its vasoconstricting action and but also in endometrial regeneration following endometrial deciduation by its mitogenic action (Salamonsen et al. 1999) . In sheep uterus, expression of ET-1 is affected by ovarian steroids (Riley et al. 1994) . We observed a similar phenomenon in mouse uterus in preliminary experiments with exogenous steroid hormones (data not shown). However, the amount of progesterone, one of the ovarian steroids, produced by the corpus luteum after ovulation differs among species including humans, and is particularly low in mice. A functional corpus luteum, which secretes progesterone, is formed after ovulation in human and sheep, whereas the mouse corpus luteum does not become functional and secretes almost no progesterone in the absence of the stimulus of coitus. The constancy of the level of ET-1 mRNA in the uterus from the cyclic mouse, compared with human and sheep, may be a consequence of inadequate secretion of progesterone from the corpus luteum after ovulation.
One recent study reports no notable difference in ET-1 mRNA level in the uterus from pregnant rat as determined by Northern blot analysis, although the analysis was limited to only two time points, days 14 and 20 of pregnancy, whereas a large increase was found in the early postpartum period (Kajihara et al. 1996) . From these findings, a pivotal role for ET-1 in the cessation of uterine bleeding after parturition through uterine contraction is suggested. In pregnant mice we observed a low and constant level of ET-1 mRNA and found no detectable immunohistological change; we observed similar behavior in the uterus from cyclic mice. However, we did observe a steep rise in the level of ET-1 gene expression and the strongest immunostaining in the myometrium immediately after parturition. The high expression level continues for at least 1 week after parturition and gradually decreases to basal levels by day 14 postpartum. To some degree these findings support the previous findings in rats (Kajihara et al. 1996) . However, it is impossible to explain why the expression of ET-1 remains high for more than a week based solely on its role in controlling bleeding immediately after parturition. In fact, conspicuous hemorrhage was not observed after day 3 postpartum in microscopic studies (data not shown). Given the immunopositivity of endometrial epithelium after parturition, the presence of the peptide may be related to endometrial repair as well as to the cessation of bleeding after parturition. As the ET-1 mRNA levels gradually decreased over 14 days postpartum, we also observed a gradual decrease in the thickness of the uterine wall, which was enlarged and thickened for pregnancy, particularly the myometrium (data not shown). It is well known that ET-1 has not only mitogenic activity but also an ability to induce apoptosis via the ETB receptor (Okazawa et al. 1998) . In vascular smooth muscle, it has been proposed that ET-1 caused apoptosis via the ETB receptor induced by stretch stimuli (Cattaruzza et al. 2000) .
Given the fact that the uterus stretches during pregnancy and at parturition, ET-1 may also be related to apoptosis of myometrial smooth muscle cells via the ETB receptor during uterine recovery.
We noticed some large cells that stained positive for ET-1 which are morphologically different from surrounding stromal and smooth muscle cells in the post-parturient uterus. We identified these cells as mast cells. The role of ET-1 in these mast cells remains unclear. However, considering that the ET-1-positive mast cells were found mainly in intact myometrium but not in or around inflammatory lesions caused by removal of the placenta at parturition, ET-1 may participate via the mast cells in myometrial recovery rather than in inflammation. Moreover, based on the fact that mast cells secrete various proteases, which generate or degrade active ET-1 (Chandrasekharan et al. 1996 , Nakano et al. 1997 , ET-1 activity on the myometrium may be modulated by the proteases produced by the mast cells. We also found a small number of cells positive for ET-1 and negative for serotonin. Because ET-1 was demonstrated to be present in macrophages (Liu et al. 1998 , Li et al. 1999 , these cells could be macrophages.
Recently, we carried out a comprehensive analysis of VIC, a member of the mouse endothelin family and the counterpart of human ET-2 , Bloch et al. 1991 , in mouse uterus during the estrous cycle and pregnancy (Uchide et al. 2000b) . Uterine VIC mRNA expression levels in the latter half of pregnancy (days 12·5 to 17·5) were approximately fivefold higher than in the earlier half (days 7·5 to 12·5). In the uterus from cyclic mice, the gene expression level of VIC in proestrus and estrus was about threefold higher than in diestrus. The expression patterns are very different from those of ET-1. This finding suggests that the transcriptional regulation mechanisms for the two genes are distinct in the mouse uterus. Additionally, given that ET-1 and VIC have similar selectivity and affinity for the ETA and ETB receptors (Arai et al. 1990 , Sakurai et al. 1990 ), these two peptides may act cooperatively on the uterus, compensating for each other.
In conclusion, by analyzing ET-1 expression using real-time PCR, we have demonstrated an increased and sustained ET-1 gene expression in the uterus from post-parturient mice. In accordance with increased ET-1 mRNA levels, immunohistochemistry studies showed an intense immunopositivity in myometrial cells and myometrial mast cells after parturition. In mouse uterus ET-1 may play a role in recovery from the uterine changes caused by pregnancy and parturition.
